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ABSTRACT
ELAINE M. MONBUREAU: 3-Dimensional Observations and a Simple Model of the
Atmospheric Internal Boundary Layer that formed during a Summertime Oregon
Upwelling Event
(Under the direction of John M. Bane.)
Oceanic and atmospheric processes associated with the Oregon coastal upwelling sys-
tem were observed during the multi-institutional COAST (Coastal Ocean Advances in
Shelf Transport) research program. After several days of upwelling-favorable wind-
stress, air temperature data collected by aircraft during COAST showed a pocket of
cool air over the cold coastal water and within the marine atmospheric boundary layer
(MABL). This pocket of cool air was an internal boundary layer (IBL) that formed
through sensible heat flux form the air into the ocean as warmer air was advected over
the cooler, upwelled water. Presented in this paper are comprehensive views of the IBL
created from the following COAST data products: (1) atmospheric data acquired by
aircraft, (2) subsurface ocean temperature and near surface air temperature acquired by
6 moorings, and (3) subsurface ocean temperature measured by Aircraft-deployed eX-
pendable Bathy Thermographs (AXBTs). A simple analytical model, created from the
3-D advection-diffusion equation and using parameters set by the observational data, is
used to visualize the near-surface air temperature structure, where no observational data
exists, and to estimate the contribution of thermal wind-shear and enhanced stability on
the wind field.
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creases the winds near the sea-surface. Within the IBL, the wind-speed
is further decreased by increased stability and thermal wind-shear. . . . 2
2 A 3-D view of a idealized IBL forming over an area of upwelled water
that widens with along-wind distance. The black mesh represents the
”top” or depth of the IBL. Warm surface waters are shown in pink, and
cold subsurface and upwelled surface waters are shown in blue. . . . . 3
3 A southward-flowing wind field in a coastal region similar to the coast
of Oregon (left panel) as it would be modified within an IBL that has
formed over upwelled water (right panel). The winds within the IBL
are decreased through thermal wind shear and enhanced stability effects. 5
4 The COAST study area with the aircraft flight pattern and wind-stress
vectors from July 24 (Bane et al. (2005)). The mooring locations are
shown with solid square markers and the NDBC buoys and COAST
MB locations are marked with solid circles: (A) NSB, (B) COAST
MB, (C) NIS, (D) NDBC 46050, (E) NDBC NWPO3, (F) SSB, (G)
SMS, and (H) SIS. The bathymetric contours shown are 50 m, 100 m,
200 m, 300 m, 400 m, 500 m, 1000 m, and 2000 m. The land topography
is also contoured at 500 m intervals, with dark grays corresponding to
high elevations. The submerged cape, Heceta Bank, can be seen in the
bathymetric contours west of Heceta Head. . . . . . . . . . . . . . . . 7
v
5 Temperature, wind speed, and sensible heat flux during late July from
NDBC 46050 (sensible heat flux from COAST MB also included).
NST and SAT depart from thermal equilibrium on July 22, a signa-
ture of the IBL development. At the location of NDBC 46050, the cold
upwelled water started to be replaced by warmer water on July 28. Sen-
sible heat flux arises from an air-sea temperature difference. The bulk
formula for sensible heat flux, Hs, is Hs = ρair cpa Ch|−→V |(SAT −SST )
whereCh is the sensible heat transfer coefficient, cpa is the specific heat
capacity of air, ρair is the air density at sea level (Fairall et al. (2003)).
Data shown are all from late July early August 2001 and are (a) NST
and SAT and (b) SAT-NST difference from NDBC 46050, (c) sensible
heat flux from NDBC 46050 and COAST MB, and (d) wind speed from
NDBC 46050. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
6 Horizontal SST fields created by linear interpolation of the aircraft ra-
diometer measurements on July 18 (a) and July 21 (b). Color indicates
temperature in oC. Wind vectors are flight-averaged and referenced to
10 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
7 Horizontal SST fields observed the aircraft radiometer on July 24 (a)
and August 1 (b). Color indicates temperature in oC. Wind vectors are
flight-averaged and referenced to 10 m/s. . . . . . . . . . . . . . . . . 13
8 Horizontal SAT - SST difference fields from July 18 (a) and July 21
(b). The color scales indicate temperature difference in oC and sensible
heat flux in W/m2. Wind vectors are flight-averaged and referenced to
10 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
9 Horizontal SAT - SST difference fields from July 21 (a) and August 1
(b). The color scales indicate temperature difference in oC and sensible
heat flux in W/m2. Wind vectors are flight-averaged and referenced to
10 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
10 Atmospheric temperature profiles and SST along Line 5 (b and c) and
between Lines 5 and 6 (a) on July 24. SST was taken at the lowest
point of aircraft descent. Atmospheric potential temperature and po-
tential sea-surface temperature (gray), and in-situ temperature and SST
(black), in K, are shown. . . . . . . . . . . . . . . . . . . . . . . . . . 19
vi
11 The vertical potential temperature section created from in-situ potential
air temperature from the aircraft and near-surface potential air temper-
ature horizontal maps along Line 5 on July 24. Also in this figure is
a sub-surface temperature section created from SST and AXBT data
along upwind Line 4. The aircraft flight path is shown in a grey dashed
line; and the inversion layer and IBL are shown in the black dashed
lines. The IBL depth across Line 5 was taken from the IBL depth sur-
face from July 24. The temperature scale is in K, and contours are at
every 3 K. The sea surface is shown in the heavy, black horizontal line.
A pocket of cold, nearshore air is visible over the nearshore upwelling
band. The IBL extends farther offshore than the surfaced thermocline
because the surface and subsurface temperature data are from upwind
of the farthest seaward extent of the upwelling jet. . . . . . . . . . . . 21
12 IBL height surface (blue mesh) and inversion layer base surface (red
mesh) are plotted along with the horizontal SST field and coastal to-
pography (gray mesh). Surfaces and SSTs from (a) July 18, (b) July
24, (c) July 21, and (d) August 1. . . . . . . . . . . . . . . . . . . . . 23
13 Model boundary conditions and parameters. Atmospheric potential
temperature, upwind and downwind of an SST front, is shown in gray.
The SST front, defined to be at s= 0, is a step gradient of ∆T . Td is the
difference of the downwind atmospheric potential temperature from the
upwind, constant potential temperature of the mixed layer. . . . . . . . 25
14 Modeled temperature deficit in oC. The white dashed line is the IBL
depth as set by 0.5% ∆T . . . . . . . . . . . . . . . . . . . . . . . . . . 26
15 Modeled temperature deficit slices plotted with the observed IBL depth
(black mesh) and inversion base (red mesh) surfaces from July 24. A
color scale for the underlying SST and the modeled temperature deficit
is shown on the right. Blues indicate cold SST and large Td , while
yellows indicate warm SST and small Td . The model vertical Td slices
are clipped at 0.5% ∆T . . . . . . . . . . . . . . . . . . . . . . . . . . 27
16 Modeled temperature deficit in oC at varying wind speeds. The white
dashed lines are the IBL depth as set by 0.5% ∆T . . . . . . . . . . . . 28
17 Potential temperature profiles from Line 5 (b and c) and between Lines
5 and 6 (a) on July 24 plotted with the model results. The model agrees
well with the observational data in the seaward and mid-shelf regions,
but does not do as well in the nearshore region, where the system dy-
namics differ from the model parameters and where there is increased
atmospheric turbulence. The black, solid line shows in-situ potential air
temperature, the gray, dashed line shows modeled potential air temper-
ature, the black circle is observed SST, and the black square is observed
SAT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
vii
18 Modeled sensible heat flux in W/m2 for the conditions of July 24.
Whites and yellows indicate high sensible heat flux; dark reds indicate
low sensible heat flux. . . . . . . . . . . . . . . . . . . . . . . . . . . 31
19 Modeled wind speed for a profile near the SST front (gray line) and a
profile farther downwind (black line). The growth of the IBL can be
seen in these profiles, as the profile downwind shows a higher reach of
the modified wind. The profiles do not capture the near-surface winds,
due to model constraints, and instead show a high near-surface wind
graident. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
20 Conceptual model of modified and idealized wind profile. Wind mod-
ified by friction only is shown in dark gray; wind modified by friction
and geostrophic flow is shown in medium gray; wind modified by fric-
tion, geostrophic velocity, and increased stability shown in light gray;
and the undisturbed, idealized wind is shown in black. On July 24,
geostrophic velocity created by thermal wind shear decreased the wind
by about 1 ms−1 and increased stability decreased winds by about 0.2
ms−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
21 Axis used for gesostrophic wind calculation. . . . . . . . . . . . . . . 38
22 Calibration of AXBT using CTD casts. . . . . . . . . . . . . . . . . . 39
23 Vertical temperature profiles from July 18, July 21, and July 24. (a)
shows along-shore profiles located between Lines 4 and 5, and (c)
shows along-shore profiles located between Lines 7 and 8. (b) and
(d) show the near-surface region. (*) is NST, (o) is SST, and (+) is
SAT, where available, all taken from the coordinate corresponding to
the lowest point descent by aircraft during the profile. . . . . . . . . . . 40
24 SST-NST difference relationship with mean windspeed and time of day
(adapted from Minnett (2003)). The color shows local time of day. As
surfaces winds increase, mixing increases and the difference between
SST and NST decreases. During daytime hours and low winds, surface
warming allows for a warm skin to develop, and the SST-NST differ-
ence becomes increasingly positive. . . . . . . . . . . . . . . . . . . . 41
25 Horizontal SAT fields from July 18 (a) and July 21 (b). Color indicates
temperature in oC. Wind vectors are flight-averaged and referenced to
10 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
26 Horizontal SAT fields from July 24 (a) and August 1 (b). Color indi-
cates temperature in oC. Wind vectors are flight-averaged and refer-
enced to 10 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
27 Record from the COAST MB buoy during period of interest. Panel (a)
: record of SAT and NST; panel (b): SAT-NST difference; panel (c)
wind -peed. Flight times are marked by black, vertical lines. . . . . . . 44
viii
28 Record from the NIS mooring during period of interest. Panel (a) :
record of SAT and NST; panel (b): SAT-NST difference; panel (c)
wind-speed. Flight times are marked by black, vertical lines. . . . . . . 45
29 Record from the NSB mooring during period of interest. Panel (a)
: record of SAT and NST; panel (b): SAT-NST difference; panel (c)
wind-speed. Flight times are marked by black, vertical lines. . . . . . . 46
30 Record from the SIS mooring during period of interest. Panel (a) :
record of SAT and NST; panel (b): SAT-NST difference; panel (c)
wind-speed. Flight times are marked by black, vertical lines. . . . . . . 47
31 Record from the SMS mooring during period of interest. Panel (a)
: record of SAT and NST; panel (b): SAT-NST difference; panel (c)
wind-speed. Flight times are marked by black, vertical lines. . . . . . . 48
32 Temperature section from July 18: atmospheric data from Line 4, sub-
surface data from Line 6. . . . . . . . . . . . . . . . . . . . . . . . . . 49
33 Temperature section from July 18: atmospheric data from Line 8, sub-
surface data from Line 6. . . . . . . . . . . . . . . . . . . . . . . . . . 50
34 Temperature section from July 21: atmospheric data from Line 1, sub-
surface data from Line 2. . . . . . . . . . . . . . . . . . . . . . . . . . 51
35 Temperature section from July 21: atmospheric data from Line 3, sub-
surface data from Line 2. . . . . . . . . . . . . . . . . . . . . . . . . . 52
36 Temperature section from July 21: atmospheric data from Line 3, sub-
surface data from Line 4. . . . . . . . . . . . . . . . . . . . . . . . . . 53
37 Temperature section from July 21: atmospheric data from Line 5, sub-
surface data from Line 4. . . . . . . . . . . . . . . . . . . . . . . . . . 54
38 Temperature section from July 21: atmospheric data from Line 5, sub-
surface data from Line 6. . . . . . . . . . . . . . . . . . . . . . . . . . 55
39 Temperature section from July 21: atmospheric data from Line 7, sub-
surface data from Line 6. . . . . . . . . . . . . . . . . . . . . . . . . . 56
40 Temperature section from July 21: atmospheric data from Line 7, sub-
surface data from Line 8. . . . . . . . . . . . . . . . . . . . . . . . . . 57
41 Vertical temperature section from July 24. (a) Atmospheric data from
line 1, subsurface data from line 2; (b) Atmospheric data from line 3,
subsurface data from line 2. Colors are atmospheric potential tempera-
ture and subsurface in-situ temperature in K as shown by the colorbar.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
ix
42 Vertical temperature section from July 24. (a) Atmospheric data from
line 5, subsurface data from line 4; (b) Atmospheric data from line 7,
subsurface data from line 6. Colors are atmospheric potential tempera-
ture and subsurface in-situ temperature in K as shown by the colorbar. . 59
43 Temperature section from August 1: atmospheric data from Line 4,
subsurface data from Line 2. . . . . . . . . . . . . . . . . . . . . . . . 60
44 Temperature section from July 21: atmospheric data from Line 4, sub-
surface data from Line 6. . . . . . . . . . . . . . . . . . . . . . . . . . 61
45 Temperature section from July 21: atmospheric data from Line 8, sub-
surface data from Line 6. . . . . . . . . . . . . . . . . . . . . . . . . . 62
x
Introduction
Sea-surface temperature (SST) heterogeneities can cause an atmospheric internal
boundary layer (IBL) to form within the marine atmospheric boundary layer (MABL)
immediately above the air-sea interface. Stable IBLs arise when the air-sea sensible heat
flux is positive (directed from the atmosphere to the ocean). This is often the scenario in
a coastal upwelling system, as wind that has been blowing over relatively warm water
encounters the cool, upwelled water. A similar stable marine IBL can form when air
blows from over warm land to a cool sea (e.g., Garratt (1989); Smedman et al. (1997)).
The signatures of a stable IBL within a coastal upwelling region can be seen in at-
mospheric potential temperature and wind profiles (Fig. 1). Upwind of an SST front, the
atmospheric potential temperature structure has three distinct sections: a mixed layer, a
temperature inversion, and the free atmosphere. The mixed layer is where the potential
temperature is nearly constant with height and typically lies between the sea-surface
to a height of about 500 m above the sea-surface. An inversion layer, where adiabatic
cooling with height is interrupted, exists above the mixed layer and is typically about
200 m thick, extending from around 500 to 700 m or greater above the sea-surface. The
mixed layer and inversion layer together comprise the MABL. Above the MABL is the
so-called free atmosphere, where the atmospheric conditions are no longer influenced
by the ocean and where the vertical atmospheric temperature gradient is typically adia-
batic, as within the mixed-layer. The wind-speed increases in the inversion layer, and,
ideally, is constant within much of the mixed-layer. The winds are modified by drag
with the sea-surface within the near-surface friction layer.
Fig. 1: Along-wind atmospheric profiles of potential air temperature and wind speed
as they would change moving from over warm SST to over cold SST. Atmospheric
potential temperature is with the light gray line, wind-speed is shown with a dark gray
line. The vertical axis is height above the sea-surface (positive z), and the horizontal axis
is downwind distance. Atmospheric potential temperature and wind-speed are shown
upwind and downwind of an SST front. Upwind of the SST front, the air and sea are
in thermal equilibrium and the MABL is comprised of a mixed-layer and a temperature
inversion (the layers are shown with black dashed lines and labeled). As the sea-state
changes, in this case, the SST drops, the atmosphere responds in the form of a stable
IBL composed of relatively cool air (the IBL depth is shown with a black dashed line).
The wind-speed is in-turn affected by the change in atmospheric temperature. Upwind
of the SST front, drag decreases the winds near the sea-surface. Within the IBL, the
wind-speed is further decreased by increased stability and thermal wind-shear.
As air crosses an SST front and encounters cool water, the near-surface air will begin
to adjust by losing heat to the sea surface through a sensible heat flux. This leads to a
decrease in the near-surface air temperature (SAT) and eventually to the formation of a
large region of relatively low air temperature. In this case, the near-surface atmosphere
stability is stable, with cool air underlying warm air. The winds are further decreased in
the near-surface region by the enhanced stability and by thermal wind shear that forms
from the baroclinicity generated by the IBL. The region of modified air, with decreased
near-surface potential temperature and decreased winds, is the IBL. Typically, stable
IBLs are shallow and reach maximum heights of around 50 to 200 m above the sea-
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surface. Under these conditions, the MABL is comprised of a mixed-layer, an inversion
layer, and an IBL.
The cross-wind structure of an IBL depends on several factors, including the shape
of the sea surface temperature front. Considering an idealized upwelling system similar
to those found along the western U.S., with a mountain range in the coastal region and
an area of upwelled water that grows wider in the down-wind distance, and considering
only the affects of the SST front and wind-direction on the IBL formation, a fully-
developed IBL would look similar to the one shown schematically in Fig. 2. The
mesh in this figure shows the highest reaches of the modified air mass (the ”top” or
depth of the IBL), with lower atmospheric potential temperature and wind-speed in the
IBL below this. Knowing the cross-wind structure of the IBL is important because
the decreased winds within the IBL can impact the upwelling system (Chelton et al.
(2007)). Horizontal wind shear created by the modified IBL winds leads to a positive
wind-stress curl, which can drive localized upwelling through Ekman suction (Fig. 3).
warm
cold
Idealized IBL Height Surface
North (y)
East (x)
Up (z)
Fig. 2: A 3-D view of a idealized IBL forming over an area of upwelled water that
widens with along-wind distance. The black mesh represents the ”top” or depth of the
IBL. Warm surface waters are shown in pink, and cold subsurface and upwelled surface
waters are shown in blue.
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Along the northwestern coast of the U.S., southward winds generate an extensive
coastal upwelling system. The southward winds are part of a semi-permanent atmo-
spheric surface high pressure system over the northeast Pacific, called the North Pacific
High (Bane et al. (2005)). The winds of the North Pacific High pressure system turn
southward around the U.S. - Canada border and strengthen in the southward direction,
driving the summertime coastal upwelling system. In general, the band of upwelled
water grows in the along-wind direction and is marked by several upwelling centers,
which are typically a result of topographic features that steer southward flowing surface
waters offshore (Barth et al. (2005)).
The COAST (Coastal Ocean Advances in Shelf Transport) research program of
2001 was conducted to study the central Oregon upwelling system. Observations were
made using aircraft, an array of buoys and moorings, three research vessels, and satel-
lites. The Oregon coast was an ideal location to study IBL generation by a coastal
upwelling system for several reasons. First of all, the extensive coastal upwelling band
typically begins around the Oregon-Washington border, which is where the southward
wind-stress of the North Pacific High has strengthened sufficiently to drive upwelling.
Furthermore, while an upwelling center is located off central Oregon, the coastline is
relatively straight. And, lastly, the coastal Cascade mountain range acts as a physical
boundary to cross-shore coastal air flow. The period of interest in this paper is late July,
2001, when aircraft and buoy data captured the formation of a well-developed upwelling
system and IBL. The upwelling event lasted for approximately 7 days, decaying with
the onset of a series of northward wind events. While the mean winds during COAST
were southward, they would occasionally shift to northward (downwelling-favorable)
as extra-tropical cyclones passed through the area (Bane et al. (2005);Samelson et al.
(2008)).
Observational data from COAST are used to map the 3-D structure and temporal
evolution of the IBL that formed during late July upwelling event. The COAST instru-
mented aircraft made flights on four days during this event, making measurements of
the system in its initial, well-developed, and decaying stages. Atmospheric potential
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temperature profiles from the aircraft were used to create IBL depth surfaces and ver-
tical potential temperature sections for the 4 flight days. A 3-D model is used to help
visualize the near-sea-surface air temperature, where few observational data existed, to
determine the downwind and cross-wind IBL structure, and to estimate the geostrophic
component of the wind created through thermal wind-shear.
!y !y
z
x
z
x
IBL
Fig. 3: A southward-flowing wind field in a coastal region similar to the coast of Oregon
(left panel) as it would be modified within an IBL that has formed over upwelled water
(right panel). The winds within the IBL are decreased through thermal wind shear and
enhanced stability effects.
Methods
Figure 4 shows the COAST study region, a typical aircraft flight path, and buoy
locations. The coastal topography and bathymetry are shown, with Heceta Bank, a sub-
merged cape that affects cross-shore ocean currents, clearly visible in the central region.
The aircraft typically flew in a radiator pattern, making 8 cross-shelf lines (henceforth
referred to as Lines). On the even-numbered Lines, the aircraft deployed Airborne-
eXpendable BathyThermographs (AXBTs) to measure sub-surface ocean temperature.
On odd Lines, the aircraft would fly in a vertically-oriented saw-tooth pattern to ob-
tain atmospheric profiles of in-situ air temperature, wind, humidity, and pressure. Data
were collected at 5 Hz. Along the entirety of its flight, the aircraft used a radiometer to
measure SST. Near-surface air and ocean temperatures were measured by 6 moorings,
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although only 4 were fully operable during the entire period of interest. In addition to
the moorings, there were 3 meteorological buoys that measured near-surface wind ve-
locity and air temperature, plus ocean temperature. Data from two of the buoys, NDBC
46050 and COAST MB, are used in this study.
The mooring array in the northern portion of the study area was located along 45oN
(Line 2) and included an in-shore mooring (NIS), a mooring at mid-shelf (NMS), a
mooring located at the shelf-break (NSB), and the Oregon State University Meteoro-
logical Buoy (COAST MB), which was located 500 m southwest of the NMS mooring
(see Fig. 4). In the southern portion of the region, an array of moorings was stationed
along 44.25oN (Line 6) and in locations similar to their northern counter parts: southern
in-shore (SIS); southern mid-shelf (SMS); and southern shelf-break (SSB). A National
Data Buoy Center (NDBC) buoy and C-MAN (Coastal-Marine Automated Network)
land-side station (NDBC NWPO3) were also operational in the survey area: NDBC
46050 is a buoy located on Line 4 and 37 km west of Newport, Oregon, and NDBC
NWPO3 is on the coast at Newport, Oregon. All of the buoys had air and ocean temper-
ature sensors at 3 m and 2 m, respectively, except for the COAST MB, NDBC 46050,
and NDBC NWPO3. COAST MB and NDBC 46050 had air and ocean temperature
sensors at 2.1 m and 1.5 m, and at 4.0 m and 0.6 m, respectively, and anemometers at
3.0 m and 5.0 m, respectively. NDBC NWPO3’s anemometer was positioned 18.5 m
above sea level. Twenty-five aircraft flights were made during the summer of 2001 and
four during the period of interest to the present study.
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Fig. 4: The COAST study area with the aircraft flight pattern and wind-stress vectors
from July 24 (Bane et al. (2005)). The mooring locations are shown with solid square
markers and the NDBC buoys and COAST MB locations are marked with solid circles:
(A) NSB, (B) COAST MB, (C) NIS, (D) NDBC 46050, (E) NDBC NWPO3, (F) SSB,
(G) SMS, and (H) SIS. The bathymetric contours shown are 50 m, 100 m, 200 m, 300 m,
400 m, 500 m, 1000 m, and 2000 m. The land topography is also contoured at 500
m intervals, with dark grays corresponding to high elevations. The submerged cape,
Heceta Bank, can be seen in the bathymetric contours west of Heceta Head.
The buoys and moorings were the primary source of near-surface air data, as the
aircraft could only safely descend to within 50 m of the sea-surface. The SSB buoy
sensors were not operating during COAST, and the air temperature sensor on NMS
was also inoperable. No near-surface ocean temperature (NST) measurements were
obtained from the COAST MB after July 30 (UTC). Spatially, very few SAT data were
7
obtained during each flight. With the loss of data at the SSB and NMS moorings, SAT
and NST data were available from only 6 ocean locations. To add area to data maps,
atmospheric profiles from the western-most edges of the survey region were used to
expand the area of SAT data. This could be done because the atmospheric data from
this western region suggest adiabatic conditions without the presence of an IBL or any
other temperature perturbations in the very near sea surface region, so that SAT was
inferred from SST. Also, for each of the flights, the SAT-NST temperature difference
from Lines 2 and 6 were used to infer SAT from the NST data along Lines 1 and 7,
respectively, which further expanded the SAT fields (see Appendix Figs. 25 and 26).
MATLAB griddata was the linear interpolation method used to generate SST, SAT,
NST, and high-altitude atmospheric temperature fields, IBL depth and inversion layer
base surfaces, and vertical temperature sections. Technical documents about data
gridding are available from The MathWorks’s website (http://www.mathworks.com).
AXBT data from 2 m depth were used in conjunction with the interpolation to create
NST temperature fields for all of the flights. These data fields were compared with the
SST fields from each flight, and along-shore and cross-shelf trends were found. From
these trends, SST fields were converted to NST fields. This was done because of the
high spatial resolution of the radiometer measurements compared to the lower spatial
AXBT resolution. Trends showed an increased difference between SST and NST off-
shore and in the northern portion of the survey region. Since the aircraft observations
were made during daytime, the greater temperature difference in these regions can be
mostly attributed to diurnal solar heating and lower mixing, following Minnett (Minnett
(2003); Appendix, Fig. 24).
Vertical sections of atmospheric potential temperature were created through a sim-
ple, linear interpolation of the in-situ air temperature and a subsequent conversion to
potential temperature (1000 hPa reference). No subsurface ocean temperature mea-
surements were made along from the same cross-shelf atmospheric section Line, so
subsurface temperature sections created from a linear interpolation of the AXBT data
were taken from the upwind cross-shelf Line, except in the case of atmospheric Line 1,
8
for which subsurface temperatures were taken from Line 2.
Upwelling Signature in Buoy Record
Signatures of the upwelling event in late July 2001 are apparent in the NDBC 46050
NST and wind records from July 16 to August 2, 2001 (Fig. 5). Starting on July 19 and
ending on July 28 was a period of persistent, southward and upwelling-favorable wind
at about 5 ms−1. After July 28, southward winds continued, but were interrupted by
brief, northward and downwelling-favorable wind. Four flights were performed during
the upwelling event of late July that developed from the upwelling-favorable winds: one
flight on July 18 (Flight 12) at the onset of the persistent upwelling-favorable winds; one
two days later on July 21 (Flight 13); one on July 24 (Flight 15), which occurred in the
middle of the upwelling event; and one on August 1 (Flight 16) at the conclusion of the
upwelling event.
The oceanic response at NDBC 46050 to the upwelling favorable winds is present
in the NST data. NST started to decrease on July 22 and, by July 25, ocean tem-
peratures at 2 m depth at NDBC 46050 had decreased by 10 oC. Also visible in this
record are cold NSTs in early July, as part of a pervious upwelling event. On July 18,
before the upwelling-favorable wind event, the buoy data suggest that SAT and NST
were in thermal equilibrium. Three days after the beginning of the upwelling-favorable
wind event, SAT and NST at NDBC 46050 were still in thermal equilibrium, as NST
was just starting to decrease. SAT at NDBC 46050 did decrease during the upwelling
event, but not as intensely as NST and not noticeably until July 23. SAT and NST
reached thermal equilibrium quickly after July 28, as the NST started to monotonically
increase after the cessation of strongly upwelling-favorable winds and a couple of brief,
downwelling-favorable wind events. The gap between SAT and NST, or when they were
in disequilibrium, is a signature of an IBL.
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Fig. 5: Temperature, wind speed, and sensible heat flux during late July from NDBC
46050 (sensible heat flux from COAST MB also included). NST and SAT depart from
thermal equilibrium on July 22, a signature of the IBL development. At the location of
NDBC 46050, the cold upwelled water started to be replaced by warmer water on July
28. Sensible heat flux arises from an air-sea temperature difference. The bulk formula
for sensible heat flux, Hs, is Hs = ρair cpa Ch|−→V |(SAT −SST ) where Ch is the sensible
heat transfer coefficient, cpa is the specific heat capacity of air, ρair is the air density at
sea level (Fairall et al. (2003)). Data shown are all from late July early August 2001 and
are (a) NST and SAT and (b) SAT-NST difference from NDBC 46050, (c) sensible heat
flux from NDBC 46050 and COAST MB, and (d) wind speed from NDBC 46050.
Higher frequency fluctuations in NST are mostly diurnal and semi-diurnal. A dom-
inant semi-diurnal signal in the NIS buoy record most likely from tidally generated
internal waves that were sensed by this buoy because of its proximity to the where the
permanent thermocline surfaces as part of the near-persistent coastal upwelling band.
Farther offshore, the COAST MB had a mixed diurnal, semi-diurnal temperature fluc-
tuation, with the diurnal fluctuations most likely arising from daytime warming and
nighttime cooling.
10
Evolution of the Upwelling Event
Horizontal SST maps provide information about the location of upwelled water, the
upwelling system’s evolution, and its response to Heceta Bank. As upwelling favorable
winds developed after July 18, the thermocline shallowed, the SST front moved farther
offshore, and the alongshore jet formed. By August 1, wind reversals led to the decline
of the upwelling system, seen to be fully developed on July 24, and the warmer surface
layer had begun moving shoreward.
The flight on July 18 occurred a day before the onset of strong, upwelling-favorable
winds. The winds were weakly northward and the SST was relatively uniformly warm
throughout the region (Fig. 6 (a)). Remnant upwelled water from the previous event
was present as a patch of cool water in the northern coastal region. Warm water (tem-
peratures exceeding 16 oC) was present offshore of the 200 m isobath, and cool, coastal
water was around 13 oC. On July 21, which came after 2 days of upwelling-favorable
wind, the area of cool, coastal water had grown seaward and the coastal SSTs decreased
by about 3 oC from those seen on July 18 (Fig. 6 (b)).
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The SST map from July 24 (Fig. 7 (a)) shows a well-developed upwelling sys-
tem, and it lasted for several days. The upwelling system has two major sections: a
coastal band that grew monotonically in the alongwind direction, and an offshore up-
welling jet. The upwelling jet extended about 90 km offshore and was created as the
southward-flowing, upwelled water encountered the local bathymetric high of Heceta
Bank. As southward moving air encountered the recently upwelled water, it would
cool as it began to adjust to the cooler SSTs, and the cooler near-surface air continued
southward to ultimately encounter warm SSTs south of the jet. The August 1 SST field
shows a decaying upwelling system (Fig. 7 (b)). Between July 24 and August 1, the
wind continued to be predominately southward, but with a couple of brief interruptions
by northward wind events. The wind on August 1 was downwelling-favorable, and,
while cold coastal water persisted, the offshore jet had dissipated and warm seaward
SSTs were present again, as the thermocline returned to its relaxed position (Barth et al.
(2005)).
Atmospheric Response to Upwelled Water - Formation
of the IBL
Near-surface air flow will respond to changes in SST by cooling as it adjusts to
re-enter a state of thermal equilibrium with the underlying water, leading to the devel-
opment of an IBL. This change in SAT can be seen in the buoy SAT and sensible heat
flux data. At NDBC 46050, a large positive difference between SAT and NST devel-
oped on July 22 and continued through the end of July, with only a couple of brief
interruptions (Fig. 5). The positive air-sea temperature difference is a signature of an
IBL. The sensible heat flux to the sea during the time of positive air-sea difference was
largely positive, with values on July 24 of approximately 35 W/m2. The sensible heat
fluxes at the COAST MB were not as great as those at NDBC 46050 because of its
location farther downwind of the SST front. This caused the sensible heat flux at the
COAST MB to be different from that at NDBC 46050 because NDBC 46050 was lo-
14
cated near the upwind SST front of the offshore jet. The air that reached NDBC 46050
had been over warm SSTs before it reached the buoy. As the air encountered the up-
welled water, which was several degrees C cooler than the upwind SST, it began to lose
heat through conduction. The latent heat flux, while large during this time, would not
have contributed to the change in SAT, and is, therefore, neglected in this study.
How the difference between the NDBC 46050 and COAST MB sensible heat flux
on July 24 arose can be seen by observing horizontal sensible heat flux maps (Figs. 8
and 9). The maps were created using a bulk formula and the interpolated NST and SAT
data. The resolution of the maps is low because of the low SAT resolution. The sensible
heat flux map from July 24 shows a large, positive sensible heat flux at NDBC 46050
and all along the northern portion of the jets SST front and a lower sensible heat flux
at the COAST MB. This large temperature difference at NDBC 46050 was also seen in
the buoy time-series. It arose from warm, southward flowing air that encounters cool,
upwelled water as it crosses the SST front of the upwelling jet. As the air cools and
moves past the front, it encounters warmer SSTs south of the jet. The air-sea temper-
ature difference decreases as does the surface sensible heat flux. At the COAST MB,
cool, upwelled water was present upwind of the buoy and the air had started to adjust
to the cool SST by the time it reached the buoy, such that there was a positive sensible
heat flux at the COAST MB, but one that was about half as large as the one measured at
NDBC 46050. The horizontal maps show that on the other flight days, the sensible heat
flux was essentially zero, except in the nearshore region where upwelled waters were
ever present during the period of interest.
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IBL Signature in Atmospheric Potential Temperature
Profiles
Aside from the seaward vertical profile of atmospheric potential temperature, a mod-
ification to the lower level atmospheric structure by the cool SSTs is clearly present
in cross-shelf temperature profiles that were performed along Line 5 on July 24, and,
equivalently, across the offshore jet (Fig. 10). In the seaward profile, which was along-
shore profile performed between Lines 5 and 6, the atmospheric potential temperature
is essentially constant from the sea-surface up to the base of the inversion layer. In the
mid-shelf region, the SST is lower and the atmospheric temperature shows a cooling
trend toward the sea-surface starting at about 75 m height. And in the nearshore region,
the SST is even lower and the IBL reaches about 200 m above the sea-surface.
While both SST and SAT data exist for most of the atmospheric profiles, there is no
observational data between the point of lowest descent by the aircraft and the point of
SAT measurement, or about 2 m, rendering the vertical temperature structure in the near-
surface region to be largely unknown. There appears to be a clear distinction between
the mid-shelf and nearshore profiles. The mid-shelf profile for Line 5 is similar to other
seaward temperature profiles from July 24 and to those from the other flight days. The
existing data suggest that from the top of the IBL to about 2 m from the sea-surface,
there was a gradual decrease in atmospheric temperature, and from 2 m above the sea-
surface to the sea-surface, there is a higher rate of decrease in temperature.
In the nearshore region, the vertical atmospheric temperature profile has a different
structure from the other profiles. While the typical offshore atmospheric profile sug-
gests an exponential decrease from the top of the IBL to just above the sea-surface, the
nearshore profile suggests that much more turbulence was present in the upper IBL and
that the atmospheric temperature was monotonically decreasing. The turbulence was
most likely created from exchange of warmer, coastal air with the cooler, marine air
(Beardsley et al. (1987)). And the cooler SST is expected because it was part of the
cooler, coastal upwelling band.
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IBL Evolution
Vertical sections of atmospheric potential temperature reveal much about the struc-
ture within the IBL (see Appendix Figs. 32 through 45). In a vertical temperature sec-
tion from July 24 along Line 5, a cool pocket of modified air over the coastal upwelling
band and offshore upwelling jet are clearly visible (Fig. 11). The IBL is comprised of
potential air temperatures that are nearly as cool as the coolest SSTs, although the cool
air over the upwelling jet are not as intense. It is important to note that the atmospheric
and subsurface sections do not spatially (or temporally) coincide: the atmospheric sec-
tion was created using data from Line 5, and the subsurface section was created using
upwind data from Line 4. The thermocline was not as far offshore on Line 4 as it was
on Line 5; however, cool air extends far offshore on Line 5 as cool water is present
far offshore along the flight path of Line 5 and immediately upwind of this cross-shelf
Line. This seems to suggest that the air is responding quickly to changes in SST.
Two other important features visible in the temperature sections are the temperature
inversion and the flight path of the airplane. The inversion was present from about 600
to 800 m and sloped downward toward the shore, which is typical of the western coast
of the U.S. (Bane et al. (2005)). Also, the aircraft flight path only just entered the top of
the IBL. The aircraft’s inability to fly lower than 50 m lead to an under-sampling of the
conditions within the IBL, and, consequently, the lower level atmospheric temperature
structure and winds are largely not known.
IBL thickness values taken from the atmospheric temperature profiles were used to
create 3-D surfaces of the IBL top each of the four flight days (Fig. 12). The IBL top
surfaces give insight into the evolution of the IBL and its structure, particularly the two,
main sections that comprise the IBL: the persistent IBL over the coastal upwelling band,
and the IBL that formed from the offshore upwelling jet. Only the large-scale features
of the IBL can be seen in the IBL top surfaces, as the horizontal resolution of IBL top
values is low.
20
Fig. 11: The vertical potential temperature section created from in-situ potential air
temperature from the aircraft and near-surface potential air temperature horizontal maps
along Line 5 on July 24. Also in this figure is a sub-surface temperature section created
from SST and AXBT data along upwind Line 4. The aircraft flight path is shown in
a grey dashed line; and the inversion layer and IBL are shown in the black dashed
lines. The IBL depth across Line 5 was taken from the IBL depth surface from July
24. The temperature scale is in K, and contours are at every 3 K. The sea surface is
shown in the heavy, black horizontal line. A pocket of cold, nearshore air is visible
over the nearshore upwelling band. The IBL extends farther offshore than the surfaced
thermocline because the surface and subsurface temperature data are from upwind of
the farthest seaward extent of the upwelling jet.
On July 18, downwelling favorable winds were present for several days following
an upwelling event. The IBL depth surface from this day shows the presence of an
IBL over the remanent upwelled waters in the coastal area. Three days later, on July
21, upwelling favorable winds had set in and there was significant seaward growth of
the IBL, as cooler, upwelled waters reached farther offshore during the early formation
of the jet. Three days later, on July 24, which was after a period of strong, upwelling
21
favorable wind, the offshore upwelling jet was well-developed and the IBL had grown
seaward and developed significantly downwind of the jet. The IBL present on July 24
looked similar to the descriptive model shown in Fig. 2. Seven days later, southward,
upwelling favorable winds had been interrupted by brief, downwelling favorable wind
events, and the upwelling system had decayed. In response to the change in SST, the
offshore IBL had diminished greatly with the decay of the offshore jet, and the structure
of the IBL resembled the one on July 18, with an IBL present only over the cool coastal
water. The IBL surfaces suggest that the IBL in this region seems to consist of two
major parts: a nearshore IBL present over the near-persistent cool coastal water, and the
offshore IBL, which builds and decays with the offshore jet.
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A Simple Model of the IBL
To gain a sense of the temperature structure, heat flux, and modified winds within
the IBL, a simple steady-state advection-diffusion model was created using parameter
choices guided by observations made on July 24. Since the horizontal eddy diffusion
term is small compared to the vertical eddy diffusion term, its contribution can be ig-
nored. The advection-diffusion equation reduces to the following form:
V
∂Td
∂ s
= κ
∂ 2Td
∂ z2
(1)
where s is the down-wind distance, z is height above the sea-surface,V is the mean wind
speed as measured on July 24 by NDBC 46050, κ is the vertical eddy diffusivity, and
Td is the potential temperature deficit. The temperature deficit is defined as the differ-
ence between the upwind, unmodified atmospheric temperature and the instantaneous
atmospheric temperature within the IBL.
The boundary conditions are as follows:
Td(s= 0,z) = 0 (2a)
Td(s,z= 0) = ∆T (2b)
Td(s,z)→ 0 as z→ ∞ . (2c)
by definition, Td is zero upwind of the upwelling front and at the front, which is set to be
at s= 0 (Fig. 13). Td at the sea-surface is set to be equal to the difference between SST
upwind of the front and the coldest SST downwind of the front, as determined from July
24 data. The third boundary condition is that Td must go to zero as z goes to infinity, or,
equivalently, that the IBL can not grow to an infinite height.
24
SST
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Fig. 13: Model boundary conditions and parameters. Atmospheric potential tempera-
ture, upwind and downwind of an SST front, is shown in gray. The SST front, defined
to be at s = 0, is a step gradient of ∆T . Td is the difference of the downwind atmo-
spheric potential temperature from the upwind, constant potential temperature of the
mixed layer.
The solution takes the form of the complementary error function (see Appendix):
Td(y,z) = ∆T er f c
(
z
2
√
κs/V
)
. (3)
The growth in the along-wind direction follows
√
s, and in the vertical, Td is exponential
in shape. The model provides a sense of the vertical potential temperature structure
within the IBL, where few observational data exist.
The IBL top for the model is defined as the height where Td was one-half percent
of ∆T across the front (boundary condition). For July 24, the model gives an IBL depth
of about 200m for an along-wind distance of 111 km (1 degree of latitude; see Fig. 14).
This agrees well with what was observed. An additional model comparison with the
observational data can be made by comparing along-wind, vertical sections of Td with
the IBL height mesh data from July 24 (Fig. 15). There is good agreement between
the modeled and observed IBL depth. Only in the far downwind area, at the most
southern point of the surveyed region, is there poorer agreement. This could arise from
two physical mechanisms: 1) the SST of the model is taken to be constant, whereas
observed SST increased downwind of the upwelling jet; 2) the presence of a valley near
44o could allow for air from the IBL to flow shoreward, thereby decreasing the overall
volume of the IBL.
25
Fig. 14: Modeled temperature deficit in oC. The white dashed line is the IBL depth as
set by 0.5% ∆T .
26
Fig. 15: Modeled temperature deficit slices plotted with the observed IBL depth (black
mesh) and inversion base (red mesh) surfaces from July 24. A color scale for the un-
derlying SST and the modeled temperature deficit is shown on the right. Blues indicate
cold SST and large Td , while yellows indicate warm SST and small Td . The model
vertical Td slices are clipped at 0.5% ∆T .
The dependence of the IBL growth on mean velocity is also given by the model (Fig.
16). As the velocity decreases, the thickness of the IBL grows faster in the downwind
direction. This can be explained by the adjustment distance of the air to the change in
SST: under low wind conditions, the air can adjust to the cool SST in a relatively short
distance, allowing for a thicker IBL; under high wind conditions, the large vertical
growth of the IBL in a short distance from the SST front will be impeded by the rapidly
moving winds.
The model defines a temperature structure for the lower atmosphere, where no ob-
servational data exist. The model can be checked using the observed IBL depth from
atmospheric profile data and the observed SAT data. Comparing the model data with
the the potential temperature profiles measured along cross-shelf Line 5, the model ap-
pears to capture the IBL depth well in the mid-shelf profile. The agreement between
the model and observational data in the nearshore region is not as good. This is most
27
likely because of turbulent exchange with air over the shore, which created a vertical
temperature structure that differed of the other profiles, and because the air that reached
the location of the nearshore profile had been traveling over the cool, coastal upwelling
band for a while and, therefore, differed from the boundary conditions of the model.
In the seaward profile, the observed MABL mixed-layer temperature is cooler than in
the other profiles, including the upwind profile that was used in the model definition of
Td (see Fig. 13), leading to the modeled mixed-layer temperature and observed mixed-
layer temperature difference in the seaward profile in Fig. 17.
Fig. 16: Modeled temperature deficit in oC at varying wind speeds. The white dashed
lines are the IBL depth as set by 0.5% ∆T .
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The model captures the observed SAT fairly well (Fig. 17). The observational data
suggest that there was a sharp vertical temperature gradient between the surface and
2 m height above the sea-surface, but the model temperature gradient is not sufficiently
large to reproduce what was seen observationally, most likely because the vertical eddy
diffusivity in the model was taken to be constant. The vertical eddy diffusivity chosen in
the near-surface was based on a calculation (Businger (1971)) using the July 24 NDBC
46050 observational data, and in the upper IBL it was chosen based on the goodness of
the model fit with the aircraft in-situ temperature data. The calculation of κ from buoy
data was the same as the value of κ taken from the goodness of fit, suggesting negligible
stratification effects. With a linearly increasing eddy diffusivity with height, the sharp
gradient seen observationally could be resolved; however, since the nature of the eddy
diffusivitys dependance on distance from the sea-surface is not determinable from the
observational data, the model results using a non-constant vertical eddy diffusivity are
not shown here.
The model can also be used to estimate sensible heat flux. A plot of the sensible
heat flux as derived from the model results, using Hs = ρair cpa κ (∂T/∂ z) , is shown
in Fig. 18. The modeled along-wind surface sensible heat flux is consistent with was
measured on July 24, with surface sensible heat flux being on the order of 10W/m2. At
the distance from the front that corresponds to where NDBC 46050 was located relative
to the front on July 24, the modeled surface sensible heat flux is around 37W/m2, close
to what was observed).
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Fig. 18: Modeled sensible heat flux in W/m2 for the conditions of July 24. Whites and
yellows indicate high sensible heat flux; dark reds indicate low sensible heat flux.
The model can be used to gain a sense of the contribution of thermal wind shear
to the wind structure within the IBL. Thermal wind shear was generated by the lateral
density gradient of the IBL and acted to decrease the prevailing winds close to the
surface. The model results estimate that winds near the surface would be decreased by
about 1 ms−1 though thermal wind shear. Near the SST front, the model shows that
the surface wind would have been decreased by 1.2 ms−1, and about 65 km downwind
of the front, winds are decreased by about 0.7 ms−1 (Fig. 19). The difference arises
from the difference in the vertically integrated horizontal pressure gradient, which is
greater near the SST front. The modeled winds also capture the observed IBL thickness,
which is about 110 m near the jet front and 170 m about 65 km downwind of the front.
Since, the model underestimates the effect of thermal wind shear because the model
lacks lateral boundary conditions, a minimum decrease of around 1 ms−1 would be
reasonably expected in the surface winds.
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Fig. 19: Modeled wind speed for a profile near the SST front (gray line) and a profile
farther downwind (black line). The growth of the IBL can be seen in these profiles,
as the profile downwind shows a higher reach of the modified wind. The profiles do
not capture the near-surface winds, due to model constraints, and instead show a high
near-surface wind graident.
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Fig. 20: Conceptual model of modified and idealized wind profile. Wind modified by
friction only is shown in dark gray; wind modified by friction and geostrophic flow is
shown in medium gray; wind modified by friction, geostrophic velocity, and increased
stability shown in light gray; and the undisturbed, idealized wind is shown in black.
On July 24, geostrophic velocity created by thermal wind shear decreased the wind by
about 1 ms−1 and increased stability decreased winds by about 0.2 ms−1.
The enhanced stability will have an effect on the winds, acting to further decrease
the wind. The wind speed within the IBL is given by the Monin-Obukhov similarity
theory, v(z) = v∗k
(
ln
(
z
z0
)
−ψ
)
, where v is the wind velocity, v∗ is the friction velocity,
k is the von Ka´rma´n constant, z0 is the roughness length, and ψ is the stability factor
(Businger (1971)). For stable conditions, ψ will be positive and non-zero, which leads
to a decreased southward velocity throughout the air column. The decreased speed, in
turn, leads to greater turbulent stress in the near surface, and as ∂ (u′w′)/∂ z increases,
the near-surface flow decreases. The stability throughout the IBL is unknown, but the
stability at the anemometer heights from NDBC 46050 and the COAST MB can be
calculated. Using the bulk formulae of Fairall et al. (2003), it is found that enhanced
stability will decrease the winds by about 0.2 ms−1 at the anemometer height (5 m).
The combined effects of friction, enhanced stability, and thermal wind shear on the
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total winds can be seen schematically in Fig. 20. In the near surface region, the winds
are decreased due to frictional effects. Within the IBL, they will be further decreased by
about 1 ms−1 due to the IBL-induced thermal wind shear, and even further decreased in
the near surface region by about 0.2 ms−1 due to enhanced stability.
Summary
Using observations and a simple, steady state model, comprehensive, 3-D structures
of the IBL, which formed over the upwelling system of Central Oregon during the
COAST research program, were created. Knowing the structure of the IBL is important
to understanding fully the upwelling system, as modified IBL winds can locally enhance
upwelling through Ekman suction (Chelton et al. (2007)). In coastal Oregon, mean
southward winds of the semi-permenant North Pacific High, which are intensified by
the inversion layer, drive offshore Ekman transport (Bane et al. (2005)). These surface
waters are replaced by cold, deep water, which in turn drive a sensible heat flux from the
atmosphere to the ocean, cooling the near-surface air, and, hence, forming an IBL. The
IBL that formed during the upwelling event of late July, 2001 had two main parts: one
part over the coastal upwelling band, and the other arising from the offshore upwelling
jet. IBL height surfaces show that the IBL had the greatest observed spatial volume
on July 24, when SST maps show that a well-developed upwelling system was present.
Vertical sections of atmospheric potential temperature show that within the IBL, the
air in the nearshore region, over the cold, nearshore upwelling band, was colder than
in the offshore region. Furthermore, the vertical temperature sections show that the
lower latitude IBL temperatures were not as cool as those over the jet or in the coastal
region. This study has shown that a simple analytical model can be used to predict to
lower level atmospheric temperature structure and to accurately capture the observed
IBL height and sensible heat fluxes. The model also gives insight into how much the
vertical wind shear and enhanced stability modified the winds within the IBL. A greater
ability to predict the vertical atmospheric potential temperature downwind of the jet
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can be achieved through the creation of a more complex model that incorporates the
heterogenous SST field. Also, increasing the amount of near-surface data using an
aircraft-towed profiler would reveal the temperature and wind structure of the IBL. A
greater sampling of near-surface data could then be used to refine the model and to
quantify the contribution of enhanced stability on the modified winds.
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APPENDIX
Analytical Model
Two-dimensional diffusion-advection equation:
V
∂Td
∂ s
= κ
∂ 2Td
∂ z2
(0 < s< ∞,0 < z< ∞) (4)
with the following boundary conditions:
Td(s= 0,z) = 0 (5a)
Td(s,z= 0) = ∆T (5b)
Td(s,z)→ 0 as z→ ∞ (5c)
Where ∆T is the temperature gradient across the SST front. Performing a Laplace
transform on s ∫ ∞
0
κ
V
∂ 2Td
∂ z2
e−ls ds=
∫ ∞
0
∂Td
∂ s
e−ls ds (6)
which reduces to:
κ
V
d2Td
dz2
= Td(s,z)e−lt |∞0 + s
∫ ∞
0
Tde−lsds
= lTd−Td(0,z)
= lTd .
(7)
Rearranging:
d2Td
dz2
− lV
κ
Td = 0 (8)
The solution to equation (8) is:
Td = Ae
√
lV/κz+Be−
√
lV/κz (9)
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Invoking boundary condition (5c), equation (9) reduces to:
Td = Be−
√
lV/κz (10)
Using a boundary condition that is more general than (5b),
Td(l,z= 0) = h(l) (11)
equation (10) becomes:
Td = h(l)e−
√
lV/κz . (12)
Inverting the Laplace transform and invoking the Laplace convolution property,
Td(s,z) = h(s)∗ ze
−z2/(4κs/V )
2
√
κ
V pis3/2
(13)
=
z
2
√
κ
V pi
∫ s
0
h(s− s0)e
−z2/(4κs0/V )
s3/20
ds0 (14)
=
z
2
√
κ
V pi
∫ s
0
h(s0)
e−z2/(4κ(s−s0)/V )
(s− s0)3/2
ds . (15)
Taking h(s) = constant = ∆T , (15) integrates to:
Td(s,z) = ∆T er f c
(
z
2
√
κs/V
)
. (16)
The geostrophic component of the wind through the thermal wind shear generated by
the IBL can be determined from the model results. Starting with the thermal wind
equation:
∂vg
∂ z
=− g
ρ
∂ρ
∂x
(17)
The geostrophic component of the wind within the IBL is:
∂vg
∂ z
=
g∆T
T0 f
(
ze−z2/(4κ/V )(s f (x)−s)√
pi
)
(4κ/V )−1/2 s−3/2d tanα (18)
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where s f is the distance from s= 0 to the front, sd is the distance to the upwelling front,
and α is the angle between s= 0 and the upwelling front, as seen in Fig. 21 below.
s
-x
!s
f
s
d
Fig. 21: Axis used for gesostrophic wind calculation.
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Fig. 22: Calibration of AXBT using CTD casts.
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Fig. 23: Vertical temperature profiles from July 18, July 21, and July 24. (a) shows
along-shore profiles located between Lines 4 and 5, and (c) shows along-shore profiles
located between Lines 7 and 8. (b) and (d) show the near-surface region. (*) is NST, (o)
is SST, and (+) is SAT, where available, all taken from the coordinate corresponding to
the lowest point descent by aircraft during the profile.
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Fig. 24: SST-NST difference relationship with mean windspeed and time of day
(adapted from Minnett (2003)). The color shows local time of day. As surfaces winds
increase, mixing increases and the difference between SST and NST decreases. During
daytime hours and low winds, surface warming allows for a warm skin to develop, and
the SST-NST difference becomes increasingly positive.
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